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ReviewThalamic Relay Functions and
Their Role in Corticocortical Communication:
Generalizations from the Visual System
bodies or the cerebellum, and the other comes from the
cells in layer 5 of cortical areas that, as noted above, are
themselves in receipt of thalamic driver inputs (Sherman
and Guillery, 2001). The former have been called “first
order” afferents and relays because they represent the
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2 Department of Neurobiology first relay of a specific kind of input to cortex, and the
latter, “higher order” because they represent a second,State University of New York
Stony Brook, New York 11794 third, or higher stage of processing through a thalamo-
cortical pathway. Relays to primary sensory areas, to
motor cortex and cingulate cortex, are largely or entirely
first order, whereas relays to most other cortical areasSummary
will probably prove to be either higher order or a mixture
of first and higher order.All neocortical areas receive thalamic inputs. Some
thalamocortical pathways relay information from as- The majority of afferents to the thalamus are not driv-
ers, but are modulators. Thus only 5%–10% of synapsescending pathways (first order thalamic relays) and oth-
ers relay information from other cortical areas (higher onto layer 4 cells in cortex are from geniculate afferents
(Ahmed et al., 1994; Latawiec, 2000). The modulatorsorder thalamic relays), thus serving a role in cortico-
cortical communication. Most, possibly all, afferents can change the nature of the relay but do not signifi-
cantly alter the receptive field properties. The majorityreaching thalamus, ascending and cortical, are branches
of axons that innervate lower (motor) centers, so that come either from cortex or from the brain stem, and can
act directly or through an inhibitory relay in the thalamicthalamocortical pathways can be viewed generally as
monitors of ongoing motor instructions. In terms of reticular nucleus or thalamic interneurons.
Most, possibly all, of the pathways that bring drivingnumbers, the thalamic relay is dominated by synapses
that modulate the relay functions. One of the roles of afferents to the thalamus, whether from subcortical sites
or from layer 5 of cortex, carry information that is alsothese modulatory pathways is to change the transfer
of information through the thalamus, in accord with sent, by branching axons, to lower motor centers. That
is, the information that the thalamus sends to cortex,current attentional demands. Other roles remain to be
explored. These modulatory functions can be ex- both first and higher order, represents a copy of instruc-
tions that are concurrently being sent to motor centers,pected to act on corticocortical communication in ad-
dition to their action on ascending pathways. so that thalamocortical pathways can be viewed as
monitors of motor instructions, rather than simple relays
in sensory systems.Introduction
Direct corticocortical connections are widely regarded This summary of the thalamus as a relay that keeps all
of neocortex informed about ongoing motor instructionsas providing the functional properties of most cortical
areas other than primary sensory areas (Felleman and from subcortical and also from cortical centers says
nothing about the functional nature of the thalamic relayVan Essen, 1991; Van Essen et al., 1992; Kandel et al.,
2000). We propose that transthalamic corticocortical itself. We here look at this problem in relation to the
connectional organization of the visual relays in the thal-pathways play a crucial role. All areas of neocortex re-
ceive afferents from the thalamus. Where, as in the pri- amus. We first look more closely at the distinction be-
tween drivers and modulators, describing how eachmary visual cortex (e.g., Hubel and Wiesel, 1977), corti-
cal function has been most closely studied, the receptive group is characterized in terms of its structure and syn-
aptic connections in the thalamus. This provides thefield properties of cortical cells depend on this thalamic
input, which can, therefore, be regarded as the “driver” basis on which we can compare first and higher order
relays, showing that the driver inputs to higher orderinput (Sherman and Guillery, 1998, 2001). That is, the
basic information for the neural computations in these relays come from the cortex. We then explore the func-
tional organization of thalamic connections, focusingcortical areas is carried in the thalamic afferents. This
is so even though these afferents represent only a small first on the lateral geniculate nucleus, which is the best
studied first order relay in the thalamus, and then, usingpercentage of all of the synaptic inputs to the cortical
cells1 (Ahmed et al., 1994; Latawiec et al., 2000). The the same ground rules as far as possible, we consider
the pulvinar, a higher order visual relay.extent to which many other cortical areas receive key
driver inputs from the thalamus is currently unexplored.
Such inputs are likely to play a far more significant role Drivers and Modulators
in cortical function than is currently recognized. There is a common organizational pattern, in terms of
Afferents that provide driver inputs to the thalamus cell types, axonal and dendritic arbors, and synaptic
are of two distinct types. One comes from ascending relationships, that is seen throughout the thalamus of
pathways, carrying information from the sensory periph- all mammals, and in most thalamic nuclei (Jones, 1985;
ery and from lower brain centers such as the mamillary Sherman and Guillery, 2001), with only a few exceptions
that are not relevant to this review. One of the keys to
understanding the functioning of any thalamic relay is3 Correspondence: s.sherman@sunysb.edu
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Figure 1. Schematic View of Triadic Circuits
in a Glomerulus of the Lateral Geniculate Nu-
cleus in the Cat
The arrows indicate presynaptic to postsyn-
aptic directions. The question marks post-
synaptic to the dendritic terminals of inter-
neurons indicate that it is not clear whether
or not metabotropic (GABAB) receptors exist
there.
identifying which of its inputs are drivers and which are been identified, these driving inputs, whether to first or
higher order thalamic relays, are glutamatergic (Sher-modulators (Sherman and Guillery, 1998). In first order
thalamic relays, the driving afferents are readily recog- man and Guillery, 2001). Most tellingly, for the view that
these act as drivers in the thalamus, they not only sharenized by their light and electron microscopic ap-
pearance. all of the major features of the ascending drivers but, as
summarized below, where their action has been tested,General Features of Drivers
Golgi preparations, injections into single axons of axo- they differ from modulators because when they are si-
lenced, the receptive field properties of the higher ordernally transported markers, and electron microscopic
studies have shown that the drivers in first order nuclei thalamic relays are lost (Bender 1981; Diamond et al.,
1992).have relatively large synaptic terminals with a character-
istic fine structural appearance, resembling the mossy Recent studies have shown a few corticothalamic ax-
ons from layer 5, having the appearance of drivers, goingaxon terminals of the cerebellum. They make multiple
complex contacts with dendrites of relay cells and in- to nuclei that also receive ascending afferents, and this
suggests that there are regions of the thalamus whereterneurons, often forming a characteristic “triadic” junc-
tion described below (see Figure 1), and these are com- first and higher order relays are likely to be intermingled
(Rouiller et al., 1998; Darian-Smith et al., 1999; Kakei etmonly in a zone that lacks astrocytic processes but is
surrounded by sheets of astrocytic cytoplasm. Because al., 2001), and for this reason we refer to first and higher
order “relays” rather than “nuclei.” The tectal recipientof their resemblance to the glomeruli of the cerebellum,
these zones have also been called “glomeruli,” and they zone of the pulvinar may prove to be another such mixed
relay; reports concerning the fine structural appearancegive thalamic nuclei a distinct appearance. We recog-
nize these afferents as driving afferents because they of the tectal afferents have varied (Mathers, 1971; Par-
tlow et al., 1977; Robson and Hall, 1977).come from the pathways that are known to be the pri-
mary driving afferents in sensory thalamic relays such Several recent reports, based on injections of single
or small numbers of axons, have stressed that the axonsas the visual, auditory, and somatosensory relays. Other
such driving afferents for first order relays come from from cortical layer 5 cells that innervate thalamic relays
do so with branches of axons that descend to the mid-the cerebellum (Harding, 1973; Kultas-Ilinsky and Ilinsky,
1991) and the mamillary nuclei (Somogyi et al., 1978), brain or to lower centers (Casanova, 1993; Descheˆnes
et al., 1994; Rouiller and Welker, 2000; Guillery et al.,and for higher order relays, axons with strictly compara-
ble morphological characteristics come from layer 5 of 2001). That is, they are sending to the thalamus (and
through the thalamus to the cortex) copies of messagescortex. The structure and synaptic relationships of these
corticothalamic terminals have been demonstrated by that are going to lower centers; generally these are cen-
ters concerned with motor control, although a preciseelectron microscopy for axons arising in somatosensory
cortex (Hoogland et al., 1991), visual cortex (Mathers, analysis of the lower terminal distribution of these axons
is usually not available. It may be important to recognize1972; Ogren and Hendrickson, 1979; Feig and Harting,
1998), auditory cortex (Bartlett et al., 2000), and frontal that a connectional and functional analysis of the termi-
nal sites of these axons could provide critical clues forcortex (Schwartz et al., 1991); and light microscopic
studies of individual axons have demonstrated their cor- understanding the nature of the messages that the thala-
mic branch conveys to the higher order thalamocorticaltical origin from layer 5 and their characteristic terminal
structure for axons from somatosensory (Bourassa et pathways.
At present it is too early to know whether thisal., 1995), visual (Bourassa and Descheˆnes, 1995; Vidny-
a´nszky et al., 1996), and auditory cortex (Rouiller and branching pattern of the corticothalamic drivers to
higher order relays is characteristic of all higher orderWelker, 1991; Ojima, 1994). Where the transmitter has
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relays, although it has been reported for several. How-
ever, it may well prove to be so since it is, like most of
the other features that characterize the drivers, seen for
both first and higher order relays. Examples of branched
afferents to the thalamus include the retinofugal path-
ways, where most retinal axons that have terminals in
the lateral geniculate nucleus also send branches to the
midbrain (Dreher et al., 1985; Sur et al., 1987; Tamamaki
et al., 1994; Tassinari et al., 1997). Other examples are
cerebellar afferents to the ventral lateral thalamic nu-
cleus that also send branches to the red nucleus and
tegmental reticular nucleus (McCrea et al., 1978; Shi-
noda et al., 1988), and mamillothalamic axons are
branches of mamillotegmental axons (Ko¨lliker, 1896;
Guillery, 1961). The medial lemniscus comes from nuclei
that are innervated by axons having rich connections in
the spinal cord (Cajal, 1911; Brown et al., 1977), and
the inferior colliculus transmits auditory inputs to the
thalamus and also has pathways to the superior collicu-
lus (Harting and Lieshout, 2000) and rich descending
connections (Shore et al., 1998; Vetter et al., 1993).
These connections suggest that the thalamus should
not be seen, as often it is, as a “screen” for sensory
inputs that are passed to cortex where they can play a
Figure 2. Schematic Representation of Synaptic Circuitry in the Lat-role in perceptual processes. Rather, it is a relay that is
eral Geniculate Nucleus of the Catsending information to cortex about instructions that
As in Figure 1, the question mark postsynaptic to interneuronal inputare currently being sent to lower motor centers.
to relay cells indicates uncertainty regarding the presence of GABABGeneral Features of Modulators receptors. For simplicity, no distinction is made between dendritic
In addition to the driver inputs, all relay cells in the and axonal outputs of interneurons onto relay cells, and triadic
thalamus, first and higher order, receive a rich innerva- circuits are not shown.
tion from the brain stem, from the thalamic reticular
nucleus, and, to a greater or lesser extent, from local
interneurons; these can all be regarded as modulators that characterize the layer 6 cells (Gilbert, 1977; Gilbert
(Sherman and Guillery, 2001). Further, all thalamic relays and Wiesel, 1985; Sherman, 1985). This is in contrast to
receive a layer 6 modulatory input from cortex (only the higher order relays that receive layer 5 afferents, where
higher order relays receive a driver input from layer 5). cortical inactivation produces a complete loss of re-
Figure 2 shows the major modulatory pathways sche- ceptive fields (Bender, 1983; Diamond et al., 1992), and
matically and also shows the transmitters (and recep- where receptive field properties often resemble those
tors) used: cortical inputs are glutamatergic; the thala- in the cortical areas that give rise to the layer 5 afferents
mic reticular and interneuronal inputs are GABAergic; (Chalupa and Abramson, 1989; Casanova, 1993).
and the parabrachial brain stem inputs are cholinergic, The axons that come from the brain stem resemble
although these inputs may use nitric oxide as well. Not the layer 6 afferents, but contact more proximal parts
shown for simplicity are small inputs from the brain stem of dendritic segments and, unlike the cortical afferents,
that are noradrenergic and serotonergic, and from the often participate in triads (see below and Figure 1; Eris¸ir
hypothalamus that are histaminergic. et al., 1997). Inputs from interneurons are inhibitory and
The cortical layer 6 afferents have a characteristic and tend to contact proximal dendrites; they come from both
quite distinct light and electron microscopic appear- axons and dendrites of the interneurons; the modulatory
ance, do not form triads, are rarely or never seen in axons from the thalamic reticular nucleus are also inhibi-
glomeruli, and make simple axodendritic synaptic junc- tory, and tend to contact more distal dendrites (Wang
tions. They contact peripheral dendritic segments of et al., 2001). Whereas the interneuronal, reticular, and
relay cells in contrast to the drivers, which contact proxi- cortical modulators show clear patterns of topographic
mal dendrites (Wilson et al., 1984; Vidnya´nszky and Ha´-
order, with small parts of the visual field represented in
mori, 1994; Eris¸ir et al., 1997). In contrast to the layer 5
small parts of the pathway, the brain stem modulators
afferents to thalamus, these axons do not have extradi-
show little or no topographic order. That is, the formerencephalic descending branches, but they characteristi-
are likely to be able to influence small sectors of thecally have branches that terminate in the thalamic reticu-
visual field at any one time whereas the brain stem affer-lar nucleus, which the axons from cortical layer 5 lack.
ents are more likely to have a global action.We regard these as modulators because in first order
relays, which receive layer 6 but no layer 5 afferents,
Comparing the Arrangement of Drivers for Firstcortical inactivation produces no major changes in the
and Higher Order Visual Relaysreceptive field properties of the thalamic relay cells (Kalil
In the first order visual relay (lateral geniculate nucleus),and Chase, 1970; Geisert et al., 1981; McClurkin and
retinal afferents innervate relay cells, which then projectMarrocco, 1984; McClurkin et al., 1994), nor do the relay
cells under normal conditions show any of the properties to visual cortex, primarily but not exclusively to area 17.
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Single cell recordings have shown that retinal ganglion localized terminals whereas the modulators are more
cells are arranged as a mosaic of functionally and mor- widespread, and in this, the relationship is like that in
phologically distinct cell types. In the cat, these have the lateral geniculate nucleus (Bowling and Michael,
been classified as W, X, and Y cells and in the primate, 1984; Sur et al., 1987; Murphy et al., 1999). However,
as koniocellular (K), magnocellular (M), and parvocellular in contrast to the lateral geniculate nucleus, there are
(P) types (for details of these cell types, see Sherman, examples in the cat of drivers and modulators, recogniz-
1985; Irvin et al., 1993; Hendry and Calkins, 1998; Hendry able on the basis of their light microscopic appearance,
and Reid, 2000; Xu et al., 2001). These can be further that come from the same cortical column, and so pre-
subdivided into on-center and off-center, and each func- sumably have comparable receptive fields, and these
tionally distinct cell type is relayed through the lateral form reciprocal terminal zones in the pulvinar region
geniculate nucleus with little or no interaction between (Guillery et al., 2001). That is, the small terminal focus
any two types. That is, there are distinct, independent, of the drivers is essentially free of the modulators from
parallel pathways relayed through the thalamus. The the same cortical column, but is surrounded by them.
relays often go through separate geniculate laminae, Further, closely adjacent parts of the pulvinar region
but the degree to which any two types are separated receive different patterns of drivers and modulators from
varies from one species to another, and even from one distinct cortical areas. In the cat, areas 17, 18, and 19
part of the visual field to another. Where two types share send small driver foci to the same thalamic cell division
a lamina, as do the X and Y pathways and the on-center (lateral posterior), which receives modulators primarily
and off-center pathways in the cat, there is no evidence from area 19, but an adjacent region (pulvinar) receives
for any significant interaction, so that the laminar sepa- drivers and modulators from area 19, not 17 or 18. That
ration is not required for a functional separation of path- is, modulators from one cortical area can act on relay
ways, and is in fact one of the interesting mysteries of cells that receive drivers from another area.
geniculate organization (Sherman and Guillery, 2001). In In the cat, the pulvinar region receives afferents from
so far as we understand the lateral geniculate relay, other cortical areas as well, and a “line of projection,”
our knowledge depends on tracing specific pathways representing a small part of the visual field, goes through
having specific functional properties from localized re- several zones that are distinguishable in terms of their
gions of the retina through localized regions of the thala- cortical inputs (Updyke, 1981, 1983; Hutchins and Up-
mus to localized regions of cortex. The localization is dyke, 1989). The drivers from cortical areas 17, 18, and
represented in two orthogonal dimensions. Retinal posi- 19 are focused around one part of such a line of projec-
tion, and thus visual field position, is represented along tion and they can be regarded as providing some of
two dimensions that correspond to the geniculate layers several functionally distinct, parallel pathways that go
and, where the functionally distinct types (X, Y, W, konio, to the pulvinar region from several functionally distinct
magno parvo) are separated, this occurs perpendicular cortical areas. That is, pulvinar cells, like geniculate
to the layers, along the “lines of projection,” which repre- cells, act as relays for a number of distinct parallel path-
sent single points in the visual field. ways, each likely to have distinct functional properties.
It is reasonable to ask how far the same approach However, understanding this mixture of functional prop-
can guide us to an understanding of the higher order erties will not be enough to understand the pulvinar
visual relay represented primarily by the lateralis poste- relay.
rior and pulvinar nuclei, which for the sake of simplicity One further, outstanding question concerns the de-
we will refer to jointly as the “pulvinar region.” That is, gree to which there is, or is not, any functional interaction
to what extent can comparable studies of the connec- between drivers from different cortical areas. Are these
tions of cells in the pulvinar region provide a guide about like the W, X, and Y pathways, maintaining more or less
the nature of the inputs that these cells are sending to independent lines through the thalamus with virtually
higher cortical areas? The most detailed studies of visual
no interaction, or is there some significant integrative
field representations and corticothalamic pathways
function for this part of the thalamus? We also need to
are those of Updyke in the cat (Updyke, 1983; Hutchins
know whether all of the drivers coming from any oneand Updyke, 1989), who used electrophysiological re-
cortical area share the same functional properties. Thecordings of receptive field positions and autoradio-
fact that injections from a small cortical area producegraphic tracing methods. Corresponding details are far
small foci of driver terminals in thalamic zones that aremore difficult to extract from studies of the monkey,
widely separated along a line of projection suggests thatwhich also indicate clearly that there are several func-
there may be several functionally distinct layer 5 cellstionally distinct subdivisions in the pulvinar region, but
sending driver afferents to the thalamus from any onewhich do not allow us to relate these subdivisions as
small piece of cortex.clearly to visual field maps or to maps of related cortical
In addition to the above, of course, we need a clearareas (e.g., Bender, 1981; Adams et al., 2000).
knowledge of the pattern of projection of the thalamicSince Updyke’s studies used tritiated amino acids to
relay cells to cortex. We know that these parts of thetrace corticothalamic pathways, they did not differenti-
thalamus send axons to several higher visual corticalate between layer 5 (driver) and layer 6 (modulator) affer-
areas, but at present we are entirely unable to relate theents. Some evidence about the distribution of these
pattern of the mingled corticothalamic driver inputs toafferents is now becoming available from experiments
the pattern of the thalamocortical outputs. Finally, wethat allow us to distinguish the corticothalamic drivers
need to know the extent to which the corticothalamicfrom the corticothalamic modulators (Bourassa and
axons that project from the pulvinar region to higherDescheˆnes, 1995; Vidnya´nszky et al., 1996; Guillery et
al., 2001), and these show that the drivers have very well cortical areas serve these areas as primary drivers, and
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Figure 3. Properties of IT and the Low
Threshold Spike
These examples are from relay cells of the
cat’s lateral geniculate nucleus recorded in-
tracellularly. (A) and (B) show voltage depen-
dency of the low threshold spike during in
vitro recording. Responses are shown to the
same depolarizing current pulse delivered in-
tracellularly but from two different initial hold-
ing potentials. When the cell is relatively de-
polarized (A), IT is inactivated, and the cell
responds with a stream of unitary action po-
tentials as long as the stimulus is supra-
threshold for firing. This is the tonic mode of
firing. When the cell is relatively hyperpolar-
ized (B), IT is de-inactivated, and the current
pulse activates a low threshold spike with
four action potentials riding its crest. This is
the burst mode of firing. (C) shows input-out-
put relationship for another relay cell re-
corded in vitro. The input variable is the am-
plitude of the depolarizing current pulse, and
the output is the firing frequency of the cell.
To compare burst and tonic firing, the firing
frequency was determined by the first six ac-
tion potentials of the response, since this cell
usually exhibited six action potentials per
burst in this experiment. The initial holding
potentials are shown. When in tonic mode,
because the initial potentials were depolariz-
ing (47 and 59 mV), the input-output rela-
tionship is fairly linear. When in burst mode,
because the initial potentials were hyperpo-
larizing (77 and 83 mV), the input-output
relationship is quite nonlinear and approxi-
mates a step function. (D) and (E) show some
differences for geniculate neurons in the cat
between tonic and burst modes during both
spontaneous activity as well as responses to
visual stimuli recorded in vivo. The visual
stimulus was a drifting, sinewave grating, and the resultant contrast changes over the receptive field are shown below the histograms. Current
injected through the intracellular recording electrode was used to bias membrane potential to more depolarized (65 mV), producing tonic
firing, or more hyperpolarized (75 mV), producing burst firing. The responses are shown as average response histograms. The upper
histograms show spontaneous activity when the grating stimulus was removed (or, more precisely, its contrast reduced to zero), and the
lower histograms show the averaged response to four cycles of the grating drifted through the receptive field. During tonic firing (D), the
spontaneous activity is relatively high, and the response to the grating has a distinctly sinusoidal profile. During burst firing (E), the spontaneous
activity is relatively low, and the response to the grating no longer has a sinusoidal profile.
the extent to which they interact with the closely related properties, various “leak” conductances, and dynamic
ionic channels, mostly gated by membrane voltage.corticocortical pathways.
For the lateral geniculate nucleus, we can understand Most are common to neurons in many other parts of the
brain and will not be considered here (for details, seesome of the basic ground rules that govern the organiza-
tion of the pathway from the retina to the cortex. For Sherman and Guillery, 2001). However, one that is partic-
ularly important for understanding thalamic relay cellsthe corresponding higher order visual thalamic relays,
we still have a long way to go before we can have a and is found in all of them is IT, which results from a
voltage-gated Ca2 conductance involving T (for tran-comparably clear understanding. However, for each of
these thalamic relays, we also need to know what is sient) type Ca2 channels distributed in the dendrites
and somata. For details of the properties of IT, see Jahn-happening in the thalamus. What is gained by having
this relay, or better perhaps, what would be lost if, for sen and Llina´s (1984), Sherman and Guillery (1996, 2001),
Hughes et al. (1999), and Sherman (2001); they will beinstance, the eye were connected directly to the cortex?
To answer this question, we need to look at the cell and briefly summarized here. Relative membrane depolar-
ization, say above about 65 to 60 mV, inactivates IT,circuit properties of the lateral geniculate nucleus.
preventing it from playing any role in cell responses.
With IT inactivated, the cell responds in tonic mode (Fig-Functional Properties of the Lateral
Geniculate Nucleus ure 3A). However, if the relay cell is hyperpolarized from
rest by about 5 mV or more, IT is de-inactivated and thusRelay Cell Properties
The response of relay cells to their driver inputs depends primed for action, being activated by the next supra-
threshold depolarization or excitatory postsynaptic po-significantly on the intrinsic membrane properties of
these cells. These are varied and consist mainly of cable tential (EPSP). This activation produces an all-or-none
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Ca2 spike that propagates through the dendrites and smeared and lost. Thus, the fact that retinal inputs acti-
vate only ionotropic receptors helps to preserve infor-soma, and this is known as the low threshold Ca2 spike.
It is typically large enough to activate a burst of several mation, and it may be a hallmark of driver inputs that
they activate only ionotropic receptors (Sherman andaction potentials that ride its crest, and this produces
the burst mode of firing (Figure 3B). Guillery, 1998).
Conversely, because modulator inputs can activateSwitching between the tonic and the burst firing
modes requires a change in membrane potential: depo- metabotropic receptors, they can produce sustained
(i.e., 100 ms) changes in membrane potential, leadinglarization switches the cell from burst to tonic mode by
inactivating IT, and hyperpolarization does the opposite to sustained changes in excitability of relay cells. Fur-
thermore, changes in membrane potential must be sus-by de-inactivating IT. However, the switch is a complex
function of voltage and time since the inactivation and tained for 50–100 ms to change the inactivation state
of IT and thus change the relay cell’s firing mode betweende-inactivation requires that the change in membrane
polarization last 50–100 ms. Both firing modes occur burst and tonic, and metabotropic receptor activation
seems ideally suited for this. Indeed, there is evidenceduring wakefulness, and these modes have important
implications for relay functions (Sherman, 2001). It is to that activation of brain stem or cortical inputs to relay
cells produces a sustained depolarization that inacti-be noted parenthetically that burst firing during certain
phases of sleep and pathological conditions are rhyth- vates IT and effectively switches the firing mode from
burst to tonic (McCormick and Von Krosigk, 1992; Lu etmic and synchronized across large regions of thalamus,
and in these conditions, relay cells are relatively unre- al., 1993; Godwin et al., 1996b). It seems likely that the
opposite—sustained hyperpolarization to de-inactivatesponsive to driver inputs. We do not consider this rhyth-
mic bursting further here (for details, see Steriade and IT and switch firing from tonic to burst—can be achieved
by activating GABAB receptors via GABAergic inputs,Llina´s, 1988; Steriade et al., 1990, 1993). In contrast to
this rhythmic bursting, the bursting during wakefulness particularly from the thalamic reticular nucleus. These
cells, as seen in Figure 2, are themselves controlledis arrhythmic, and relay cells in the arrhythmic burst
mode are quite responsive to driver inputs. from cortex and brain stem so that these extrathalamic
inputs can effectively control firing mode via direct andCircuit Properties
One interesting feature shown in Figure 2 is the nature of indirect innervation of relay cells.
An important difference between the cortical andpostsynaptic receptors related to the various afferents.
These come in two basic types: ionotropic and metabo- brain stem inputs, both direct and indirect, is topo-
graphy. The corticogeniculate pathway is preciselytropic (Nicoll et al., 1990; Mott and Lewis, 1994; Reca-
sens and Vignes, 1995; Pin and Duvoisin, 1995; Pin and mapped, so that cortex can control small, precisely lo-
calized relay cell populations, perhaps selectively con-Bockaert, 1995; Conn and Pin, 1997; Brown et al., 1997).
Ionotropic receptors include AMPA for glutamate, trolling different cell classes or visuotopic representa-
tions. Brain stem inputs, in contrast, are poorly mapped,GABAA, and nicotinic receptors for acetylcholine; exam-
ples of metabotropic receptors are various metabo- if at all, and thus activation of this pathway is likely to
affect relay cells more globally.tropic glutamate receptors, GABAB, and muscarinic
receptors for acetylcholine. Among many other differ- Other voltage-gated currents also, like IT, have fairly
slow kinetics (e.g., IA and Ih), so it is likely that modulatoryences, the ionotropic receptors operate with a more
direct route between ligand binding and evoked post- inputs operating via metabotropic receptors effectively
control these as well. Thus we can see that the modula-synaptic potentials (PSPs), resulting in PSPs with rela-
tively brief latencies (1 ms) and durations (typically tory inputs can dramatically affect how relay cells re-
spond to retinal inputs. An additional complicationmostly finished within 10–20 ms), whereas the metabo-
tropic receptors work via second messenger pathways arises because most modulatory inputs also activate
ionotropic receptors. It is not clear what the functionalproducing PSPs with longer latencies (10 ms or more)
and durations (hundreds of ms or longer). Retinogenicu- significance of this may be, but one suggestion is that
activation of ionotropic receptors can begin a mem-late synapses activate only ionotropic glutamate recep-
tors, whereas each of the modulatory input pathways brane voltage change earlier, and by the time these
PSPs fade, the metabotropic receptors become acti-activates metabotropic receptors, and most also acti-
vate ionotropic ones (McCormick and Von Krosigk, vated: this could help to reduce the delay expected if
only metabotropic receptors were involved in control of1992; Godwin et al., 1996a; Sherman and Guillery, 2001).
It is not known whether any individual modulatory axons voltage-gated currents.
The Synaptic Triadactivate both receptor types. Another difference be-
tween ionotropic and metabotropic receptors is that, An unusual synaptic arrangement found throughout
thalamus is the synaptic triad, which is schematicallygenerally, ionotropic receptors are activated at lower
rates of presynaptic firing than are metabotropic ones. shown in Figure 1. This takes two slightly different forms,
each involving as a central element the dendritic terminalBecause retinal inputs activate only ionotropic recep-
tors, they produce relatively fast EPSPs, resulting in of an interneuron, a terminal that is both pre- and post-
synaptic, and indeed is the only postsynaptic, vesicle-relatively fast transmission of signals to cortex. This also
means that the relay cells can faithfully transmit stimuli containing terminal found in thalamus. The thalamic in-
terneurons are the only thalamic cells so far describedat relatively high frequencies. If the EPSPs were very
long, as would happen with metabotropic glutamate with extensive dendritic synaptic outputs. In addition,
many, possibly all, possess a conventional axonal out-receptor activation, temporal summation would occur
at much lower firing frequencies so that information in put. (For further details and discussion of the signifi-
cance of this separate pattern of dendritic and axonalinput signals having higher frequencies would be
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outputs, see Sherman and Guillery, 2001.) In one form apply to other relay cells in other parts of thalamus
of the triad, which we call the retinal triad, a retinal depending on whether or not they are associated with
terminal contacts both the interneuron terminal and a triadic circuitry. As suggested above, the triadic circuitry
relay cell dendrite, with the interneuron terminal con- associated with X cells provides a means for retinal and
tacting the same dendrite. In the other, the brain stem parabrachial inputs to affect relay cell properties in ways
triad, a single parabrachial axon innervates the in- that are not available to Y cells and their counterparts
terneuron terminal and relay cell dendrite with separate in other parts of thalamus. However, since Y cells do
terminals, and again the interneuron terminal innervates have inputs from interneuronal axons, and since the
the same relay cell dendrite. Retinal and brain stem interneurons of origin receive retinal and parabrachial
triads generally, wherever they have been separately afferents that affect the firing of their axonal outputs,
identified, involve different interneuronal terminals. The circuits are available for retinal and parabrachial inputs
complex circuitry of Figure 1 is found in the glomeruli via interneurons to affect Y cell activity, but probably
described above. Not all relay cells have their retinal not in the same way that the triadic circuits permit these
inputs involved in such triads and glomeruli since in the inputs to affect X cells. For instance, the retinal input to
cat’s lateral geniculate nucleus, only X cells show this interneurons that increases interneuronal firing rate and
pattern, whereas Y cells have simple synaptic arrange- thus the axonal output activates only ionotropic gluta-
ments without significant numbers of triads or glomeruli mate receptors, and not metabotropic ones (McCormick
(Wilson et al., 1984; Hamos et al., 1987). and Von Krosigk, 1992), which, as Figure 1 shows, are
It is not at all clear how the triads function, but identifi- activated by the retinal input to the dendritic output of
cation of postsynaptic receptors involved (Figure 1) of- interneurons. Thus, the suggestion above that increas-
fers some clues. Cox and Sherman (2000) showed that ing retinal activity would lead to relatively increased
the retinal innervation of the inhibitory interneuron termi- inhibition through the triad should not apply via the axo-
nal involves a metabotropic glutamate receptor (type 5), nal outputs of interneurons.
activation of which increases GABA release from the
interneuronal terminal. In contrast, in the brain stem Proposed Role of the Thalamus
triad, the parabrachial innervation involves a muscarinic Significance of a Thalamic Relay
(M2) receptor, activation of which decreases GABA re- A key question about thalamocortical relationships is:
lease. Three consequences are suggested here, al- why does retinal input not project directly to cortex, or,
though many more can be imagined, and none has yet why do we have thalamic relays at all? While we cannot
been empirically tested. First, for the retinal triad, the yet completely answer this question, a consideration of
innervation and receptor patterns suggest that retinal the complex cell and circuit properties in the lateral
activation will produce monosynaptic EPSPs followed geniculate nucleus points to some important relay func-
by disynaptic IPSPs in the relay cell. However, given the tions. As already noted, the facts that relay cells can
requirement noted above for higher afferent firing rates respond in two modes, burst and tonic, and that these
to activate metabotropic receptors, one can imagine modes have important implications for the nature of
that the disynaptic inhibition grows relatively stronger
information relayed indicate at least one important role
with increasing retinal activation. Since increasing stim-
for the geniculate relay and for the modulatory input
ulus contrast will increase retinal firing rates, this sug-
that controls response mode.
gests that the effect of increasing contrast is to reduce
However, this is probably just the tip of the iceberg,contrast sensitivity, which suggests a form of contrast
and it seems likely that, as we learn more about func-gain control, a process heretofore thought to be strictly
tional cell and circuit properties, we shall appreciatecortical in origin (e.g., Ohzawa et al., 1982; Ma¨a¨tta¨nen
more functions of the geniculate relay. For instance,and Koenderink, 1991; Allison et al., 1993; Truchard et
there are many voltage-gated membrane currents otheral., 2000), although it has not yet been much explored
than IT that exist in thalamic relay cells as in other neu-at the thalamic level (but see Felisberti and Derrington,
rons (e.g., IA, Ih, and many others; for further details,1999; Przybyszewski et al., 2000). Second, the timing of
see McCormick and Huguenard, 1992; Sherman andthese effects for the retinal triad might also be interest-
Guillery, 1996, 2001). These are likely to be as importanting, because of the long-lasting PSPs via metabotropic
as IT in determining how information is relayed to cortex.receptors. For instance, one would predict that, after a
These other currents, like IT, tend to have relatively slowperiod of strong retinal activation, the disynaptic IPSP
time constants for their voltage control, which suggestswould continue to be present hundreds of ms after the
that the modulatory inputs and their activation of meta-monosynaptic EPSPs faded away, and this could have
botropic receptors might prove key to their action, assignificant effects on control of response mode. That
seems to be the case with IT. Also, in addition to controlis, after cessation of a strong retinal input, the persistent
of voltage-gated conductances, active thalamic circuitsinhibition kept active by the triad could hyperpolarize
represent the summing of excitatory and inhibitory in-the relay cell, switching it to burst mode, so that it will
puts to relay cells, and the balance of these will affectburst in response to the next retinal input. Third, the
the overall excitability of these cells to their driver inputs.parabrachial triad seems to work differently in that rela-
We are far from understanding the full range of relaytively high firing rates in the parabrachial afferent will
properties affected by the cell and circuit properties ofreduce any background GABA release from the in-
the lateral geniculate nucleus. Although we need to learnterneuron terminal, resulting in a form of disinhibition
much more, one thing is clear: the lateral geniculatefor the relay cell.
nucleus does not simply perform a trivial, machine-likeThere are some interesting possibilities for differential
thalamic processing for X and Y cells that would also passing on of retinal inputs and it is reasonable to extend
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this to all thalamic relays. The role of modulatory affer-
ents to thalamus in the control of messages that reach
cortex needs exploration not just for first order relays,
where we can understand that the thalamic relay influ-
ences the sensory messages that reach cortex at any
one time, but also for higher order relays, where we must
regard the thalamic relay as acting on the messages that
pass from one cortical area to another. The nature of
this action in the higher order relays is likely to represent
a critical difference between the direct and the transtha-
lamic corticocortical pathways in the way that informa-
tion is passed from one cortical area to another.
First and Higher Order Thalamic Relays
Observations of the two distinct types of corticothalamic
afferent lead to two conclusions basic for understanding
the functional nature of corticocortical pathways. One,
introduced above, is that information passed from the
thalamus to any one cortical area is subject both in
first and in higher order relays to modulatory influences.
Some come from that same cortical area, and others
(not shown in Figure 2) come from other cortical areas,
from the brain stem, the thalamic reticular nucleus, and
from interneurons. The other conclusion, and the more
important one from the point of view of this review,
is that there are thalamic relays that serve to transmit
information from one cortical area to another, and that
Figure 4. Schema to Show a Widely Accepted View of Pathways tothis is commonly, perhaps always, a copy of information
Higher Cortical Areasthat is sent to lower brain centers. That is, the driver
On the left is an example of a first order thalamic nucleus (FO)inputs that reach the higher order cortical areas are
receiving its (blue) driving afferents from ascending pathways that
about the executive decisions that the lower order corti- come from (for example) the medial lemniscus, the optic tract, the
cal areas are issuing to lower centers in the central inferior colliculus, the cerebellum, or the mamillary nuclei. These
nervous system. Here it is necessary to stress that there first order thalamic nuclei send their axons to primary receiving
areas of cortex, represented by the (red) cortical area labeled 1 inare large areas of cortex that receive no known inputs
the figure, and each of these cortical areas in turn sends a complexfrom first order thalamic relays, and whose major thala-
set of feedforward pathways, shown in red, to other cortical areas,mic input is coming from higher order relays.
represented here by cortical areas 2–5. Corticocortical feedbackThe idea that higher order relays can play a key role
pathways are shown in green. Higher order thalamic nuclei (HO),
in corticocortical communication needs to become a such as the pulvinar, the lateral posterior, the mediodorsal, or the
focus of future experimental studies. Currently there has lateral dorsal nuclei, are represented by the larger circle on the right
been a general, implicit assumption that the many dis- in the lower part of the figure. These receive afferents that are largely
unspecified, and send widespread thalamocortical axons to highertinct cortical areas serving any one modality, as well as
cortical areas (2–5). These thalamocortical pathways are shown herethose that relate to more than one modality (Felleman
as dotted lines because knowledge about the information that theyand Van Essen, 1991; Van Essen et al., 1992; Kaas, 1995),
carry to cortex plays little or no role in our current understandingcommunicate primarily, or only, by direct corticocortical
of the functional organization of these cortical areas.
connections (see Figure 4). One schema of corticocorti-
cal communications of visual areas (Figure 2 of Van
Essen et al., 1992) shows visual information entering
any of the ongoing outputs to lower centers from any ofstriate cortex from the thalamus, and then, in a roughly
the participating cortical areas. However, such outputshierarchical, complex set of feedforward connections,
arise at even the very first stages of cortical processing,passing from striate cortex to higher and higher areas,
from the layer 5 cells in primary cortical receiving areaswith many feedback connections as well. The pulvinar
such as V1, S1, or A1, and they are introduced into theplays a trivial and unexplored role in this and other such
processing functions of higher cortical areas throughschemas. Generally, where experimental results indi-
their thalamic branches. The roles in cortical functionscate communication from one cortical area to another,
of these higher order thalamic relays, for example, thethe connections that are postulated are direct cortico-
pulvinar region for the visual pathways, the magno-cortical pathways, not transthalamic ones. On the basis
cellular division of the medial geniculate nucleus forof currently favored views, once information reaches
the auditory pathways, the posterior nucleus for thecortex, it stays within cortex and sensory information is
somatosensory pathways, or the mediodorsal nucleusprocessed by a chain of corticocortical connections that
for the frontal lobes, most or all of which receiveeventually passes to areas of cortex concerned with
branches of layer 5 outputs, are essentially ignored in themotor outputs. Corticofugal pathways to lower centers
current literature. We propose an alternative or modifiedfrom intermediate levels of cortical processing play no
schema for corticocortical communication, and this isrole in the proposed connections.
shown in Figure 5. Here, the emphasis for informationThis is a crucial point. The cortical processing sug-
gested by Figure 4 would proceed with no reference to transfer is not on the direct corticocortical pathways, but
Review
171
rect corticocortical and transthalamic, is undefined at
present. If the transthalamic pathway can be regarded
as a significant input to higher cortical areas, then knowl-
edge about the functional properties of the layer 5 corti-
cal cells that provide driver input will prove crucial for
understanding the functions of the higher cortical areas
that receive this information through the thalamus. Since
these layer 5 cells also provide the pathway for the
executive output (to lower centers) of the prethalamic
cortical area, one should expect to find a clear functional
link between the instructions that a cortical area is send-
ing to brain stem centers and the messages that are
passed through the thalamus to higher cortical areas
for further processing. Understanding the roles of the
direct and the transthalamic corticocortical pathways
will depend on two types of information, neither of which
is available at present. One is the extent to which either
serves as a driver or modulator. The other is the nature
of the cortical activity represented by the cortical cells
that give rise to one or the other of these two pathways.
We know of no evidence that establishes whether the
corticocortical axons are drivers or modulators.
One reason why the past focus has been on directFigure 5. Schema to Show Thalamocortical Interconnections Pro-
corticocortical pathways rather than on transthalamicposed on the Basis of the Evidence Presented Here
pathways is because these latter pathways are not nu-The first order thalamic relay (FO) receives afferents as in Figure 4,
merically impressive. We have seen that numerical supe-but these afferents are now shown as branches of axons that inner-
vate lower, motor centers. The first order relay sends thalamocorti- riority does not identify drivers. Afferents to any cortical
cal axons to cortical area 1 and this, again, has feedforward and area can probably be classified as drivers or modulators,
feedback connections with cortical areas 2–5. However, these corti- like those of the thalamus. Drivers carry the main infor-
cal areas also receive transthalamic, that is, cortico-thalamo-corti- mation but may represent a small minority, as for retinal
cal, connections from cortical area 1 and from other cortical areas
input to relay cells of the lateral geniculate nucleus, orthrough one or the other of the higher order (HO) thalamic relays
geniculate input to layer 4 cells of striate cortex. It isshown on the right. Notice that the corticothalamic axons coming
important to allow for the possibility that the great major-from the cortical layer 5 pyramids are also branches of long-
descending axons going to motor centers. ity of inputs to cortex, as to thalamic relay nuclei, are
modulators. Were one to consider large numbers of af-
ferents as critical for defining drivers, one would not
rather on cortico-thalamo-cortical pathways involving
treat the lateral geniculate nucleus as a visual relay, the
higher order thalamic relays, which would appear to play
ventral posterior nucleus as a somatosensory relay, or
an important role in providing one cortical area with
the medial geniculate nucleus as an auditory relay: for
information about the current outputs of another area. instance, based on numbers, one might conclude that
The higher order relays in primates are significantly the lateral geniculate nucleus relayed information to cor-
larger than the first order relays, and within the visual tex from parabrachial inputs in the brainstem. With this
system, the pulvinar region sends afferents to many in mind, we suggest that the pattern of information flow
and probably all of the higher visual cortical areas. This among visual cortical areas needs to be reconsidered,
component of corticocortical processing involving the allowing a much larger role for higher order thalamic
transthalamic route must have functional consequences. relays than in current interpretations. The hypothesis
Whatever the nature of the messages that the pulvinar that the transthalamic route is a major, possibly even
region sends to cortex, they must play some role in the only, driver route for corticocortical communication
defining the function of the recipient cortical areas. is useful because it points to the need for an identifica-
These messages can bring information about current tion of drivers and modulators in cortical circuitry. It
outputs via long, descending pathways that other corti- also focuses on the possibility that the thalamic gate,
cal areas are sending to the brain stem, and this is in controlled by a complex population of modulatory path-
contrast to the known direct corticocortical pathways, ways, may play a crucial role in controlling the messages
which would appear to be communicating some stages that pass from one cortical area to another.
of ongoing cortical processing that stays strictly within To put the role of the transthalamic pathways into the
cortex. It has to be stressed that, for the cortical areas clearest possible relief, it is worth looking at the extreme
that are most clearly understood in terms of their func- (but perhaps unlikely) possibility that all direct cortico-
tional properties, such as V1 or S1, the information pro- cortical pathways are modulatory. Such a view would
cessing that has so far been most successfully analyzed force a focus on the function of the higher order trans-
has been shown to depend entirely on the thalamic thalamic pathways and may well reveal that these path-
inputs. There is no a priori reason, nor do we know of ways can establish all of the information needed for
any experimental evidence, to suggest that other corti- corticocortical communication. Part of the logic of this
cal areas are less dependent on their thalamic inputs. idea is that it implies that all major driving inputs entering
a cortical area must be relayed by thalamus, with all ofThe relative importance of the two pathways, the di-
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the advantages implied above for having thalamic relays These observations raise a number of questions about
in the first place. the thalamocortical pathways that merit experimental
It is also worth noting that, even if many of the direct attention:
corticocortical pathways prove to be drivers, there are
• What are the varieties of modulatory action that cantwo important differences between this route of informa-
act on thalamic relays, and how do they change thetion flow and the transthalamic one. First, as just noted,
nature of thalamic transmission?the direct corticocortical route has no thalamic “screen-
• What is the relationship between the direct corticocor-ing” imposed. The transthalamic pathways are subject
tical pathways and the transthalamic corticocorticalto the many modulatory afferents that supply the thala-
pathways? Are both acting as drivers of cortical cells,mus. The modulatory role of the thalamic relay is impor-
or does only one have this action? What is the naturetant in “gating” information through first order relays
of the interaction of these two pathways in the cortex?and is likely to play a significant role in modulating the
Which of the direct corticocortical pathways repre-inputs that any area of cortex receives (Sherman and
sent driver inputs, and which modulator inputs?Guillery, 1998, 2001). Second, any messages involving
• For the drivers that innervate the thalamus, what isthe direct corticocortical routes are confined to cortex,
the nature of the termination, synaptic relationships,whereas those passing via higher order thalamic relays
and actions of the branches innervating motor cen-are also sent, via branching axons from the layer 5 neu-
ters? How does this information relate to the naturerons, to lower brain centers concerned chiefly with mo-
of the messages that are passing through the trans-tor control. That is, they are transmitting information
thalamic pathways to higher cortical areas?about the outputs that cortex is currently sending to
• Where two parallel driver afferents, either cortical orlower centers.
subcortical, innervate the same local region of the
thalamus, is there significant functional interaction ofConclusions and Some Outstanding Questions
these two pathways? That is, are there thalamic relayWe have described driver and modulator afferents to
cells that have integrative, not just relay, functions inthe thalamus on the basis of their structure, synaptic
information transfer to cortex?relationships, and, where known, their actions. The driv-
• What are the rules (if any) that govern the way in whichers, which carry the information that is transmitted to
modulatory corticothalamic axons from layer 6 of acortex, establish only a small proportion of all thalamic
cortical column relate to corticothalamic drivers com-synapses; the great majority of thalamic synapses are
ing from layer 5 of the same column?made by modulators, which change the nature of thala-
• Do all cortical areas have a layer 5 thalamic drivermic transmission, without significantly affecting the na-
output? Do all have a layer 6 thalamic modulatorture of the information that is being transmitted. We
output?have shown that the modulators can change the relay
• How is the pulvinar region, or any other higher thala-mode of thalamic cells between burst and tonic, and
mic relay, mapped: (1) with respect to cortical areashave argued that there are likely to be other actions by
to which it projects; and (2) relative to the corticalmeans of which the modulators can modify the way in
regions from which it receives a layer 5 input?which information is transferred through the thalamic
• If a large part of the thalamus can be viewed as provid-relay. These remain to be experimentally defined.
ing links in communications among higher corticalThere are two important observations of the thalamic
afferents that can, for reasons we have outlined, reason- areas, should clinical signs of thalamic dysfunction
ably be regarded as drivers. First, in addition to the be analyzed in terms of cortical functions, and not of
classically recognized ascending afferents carrying sen- thalamic functions per se?
sory information to cortex, there are many drivers that
Acknowledgmentscome from the cerebral cortex and thus serve as a trans-
thalamic route for corticocortical communication; and
The authors’ research has been supported by USPHS grantssecond, many, possibly all, of the thalamic afferents that
EY12936 plus EY11494 to R.W.G. and EY0308 plus EY11409 to
are drivers are branches of axons (or come from cells S.M.S.
innervated by branches of axons) that are going to motor
centers. These observations lead us to conclude that References
for many cortical areas, there are important driver inputs
Adams, M.M., Hof, P.R., Gattass, R., Webster, M.J., and Ungerleider,that travel over a transthalamic corticocortical route that
L.G. (2000). Visual cortical projections and chemoarchitecture ofdiffer from the more widely recognized and more closely
macaque monkey pulvinar. J. Comp. Neurol. 419, 377–393.studied direct corticocortical pathways to higher corti-
Ahmed, B., Anderson, J.C., Douglas, R.J., Martin, K.A.C., and Nel-cal areas. We also conclude that most of the information
son, J.C. (1994). Polyneuronal innervation of spiny stellate neuronsthat passes through the thalamus to the cortex repre-
in cat visual cortex. J. Comp. Neurol. 341, 39–49.
sents messages that are also being sent to motor cen-
Allison, J.D., Casagrande, V.A., DeBruyn, E.J., and Bonds, A.B.ters. That is, one can regard the thalamocortical relays,
(1993). Contrast adaptation in striate cortical neurons of the noctur-
the first order relays going to the classical primary corti- nal primate bush baby (Galago crassicaudatus). Vis. Neurosci. 10,
cal areas, as well as the higher order pathways that go 1129–1139.
to higher order cortical areas, as monitoring ongoing Bartlett, E.L., Stark, J.M., Guillery, R.W., and Smith, P.H. (2000).
motor instructions arising from cortical and subcortical Comparison of the fine structure of cortical and collicular terminals
centers, and this can lead to new questions about the in the rat medial geniculate body. Neuroscience 100, 811–828.
functional significance of neuronal activity in these Bender, D.B. (1981). Retinotopic organization of macaque pulvinar.
J. Neurophysiol. 46, 672–693.pathways.
Review
173
Bender, D.B. (1983). Visual activation of neurons in the primate that retinal and cortical inputs access different metabotropic gluta-
mate receptors in the lateral geniculate nucleus. J. Neurosci. 16,pulvinar depends on cortex but not colliculus. Brain Res. 279,
258–261. 8181–8192.
Bourassa, J., and Descheˆnes, M. (1995). Corticothalamic projections Godwin, D.W., Vaughan, J.W., and Sherman, S.M. (1996b). Metabo-
from the primary visual cortex in rats: a single fiber study using tropic glutamate receptors switch visual response mode of lateral
biocytin as an anterograde tracer. Neuroscience 66, 253–263. geniculate nucleus cells from burst to tonic. J. Neurophysiol. 76,
1800–1816.Bourassa, J., Pinault, D., and Descheˆnes, M. (1995). Corticothalamic
projections from the cortical barrel field to the somatosensory thala- Guillery, R.W. (1961). Fibre degeneration in the efferent mamillary
mus in rats: a single-fibre study using biocytin as an anterograde tracts of the cat. In Cytology of Nervous Tissue; Proceedings of the
tracer. Eur. J. Neurosci. 7, 19–30. Anatomical Society of Great Britain and Ireland for November 1961,
64–67.Bowling, D.B., and Michael, C.R. (1984). Terminal patterns of single,
physiologically characterized opti tract fibers in the cat’s lateral Guillery, R.W., Feig, S.L., and Van Lieshout, D.P. (2001). Connections
geniculate nucleus. J. Neurosci. 4, 198–216. of higher order visual relays in the thalamus: A study of corticotha-
lamic pathways in cats. J. Comp. Neurol. 438, 66–85.Brown, A.G., Rose, P.K., and Snow, P.J. (1977). The morphology of
the hair follicle afferents fibre collaterals in the spinal cord of the Hamos, J.E., Van Horn, S.C., Raczkowski, D., and Sherman, S.M.
cat. J. Physiol. 274, 111–127. (1987). Synaptic circuits involving an individual retinogeniculate
axon in the cat. J. Comp. Neurol. 259, 165–192.Cajal. S.R.y. (1911). Histologie du Syste`me Nerveaux de l’Homme
et des Verte´bre´s. (Paris: Maloine). Harding, B.N. (1973). An ultrastructural study of the termination of
afferent fibres within the ventrolateral and centre median nuclei ofCasanova, C. (1993). Response properties of neurons in area 17
the monkey thalamus. Brain Res. 54, 341–346.projecting to the striate-recipient zone of the cat’s lateralis posterior-
pulvinar complex: comparison with cortico-tectal cells. Exp. Brain Harting, J.K., and Van Lieshout, D.P. (2000). Projections from the
Res. 96, 247–259. rostral pole of the inferior colliculus to the cat superior colliculus.
Brain Res. 881, 244–247.Chalupa, L.M., and Abramson, B.P. (1989). Visual receptive fields in
the striate-recipient zone of the lateral posterior-pulvinar complex. Hendry, S.H., and Calkins, D.J. (1998). Neuronal chemistry and func-
J. Neurosci. 9, 347–357. tional organization in the primate visual system. Trends Neurosci.
Conn, P.J., and Pin, J.P. (1997). Pharmacology and functions of 21, 344–349.
metabotropic glutamate receptors. Annu. Rev. Pharmacol. Toxicol. Hendry, S.H.C., and Reid, R.C. (2000). The koniocellular pathway in
37, 205–237. primate vision. Annu. Rev. Neurosci. 23, 127–153.
Cox, C.L., and Sherman, S.M. (2000). Control of dendritic outputs Hoogland, P.V., Wouterlood, F.G., Welker, E., and van der Loos, H.
of inhibitory interneurons in the lateral geniculate nucleus. Neuron (1991). Ultrastructure of giant and small thalamic terminals of cortical
27, 597–610. origin: a study of the projections from the barrel cortex in mice using
Darian-Smith, C., Tan, A., and Edwards, S. (1999). Comparing thala- Phaseolus vulgaris leuco-agglutinin (PHA-L). Exp. Brain Res. 87,
mocortical and corticothalamic microstructure and spatial reciproc- 159–172.
ity in the macaque ventral posterolateral nucleus (VPLc) and medial Hubel, D.H., and Wiesel, T.N. (1977). Functional architecture of ma-
pulvinar. J. Comp. Neurol. 410, 211–234. caque monkey visual cortex. Proc. R. Soc. Lond. B Biol. Sci. 198,
Descheˆnes, M., Bourassa, J., and Pinault, D. (1994). Corticothalamic 1–59.
projections from layer V cells in rat are collaterals of long-range Hughes, S.W., Cope, D.W., To´th, T.I., Williams, S.R., and Crunelli, V.
corticofugal axons. Brain Res. 664, 215–219. (1999). All thalamocortical neurones possess a T-type Ca2 ‘window’
Diamond, M.E., Armstrong-James, M., Budway, M.J., and Ebner, current that enables the expression of bistability-mediated activi-
F.F. (1992). Somatic sensory responses in the rostral sector of the ties. J. Physiol. 517, 805–815.
posterior group (POm) and in the ventral posterior medial nucleus Hutchins, B., and Updyke, B.V. (1989). Retinotopic organization
(VPM) of the rat thalamus: dependence on the barrel field cortex. within the lateral posterior complex of the cat. J. Comp. Neurol.
J. Comp. Neurol. 319, 66–84. 285, 350–398.
Dreher, B., Sefton, A.J., Ni, S.Y., and Nisbett, G. (1985). The morphol- Irvin, G.E., Casagrande, V.A., and Norton, T.T. (1993). Center/sur-
ogy, number, distribution and central projections of Class I retinal round relationships of magnocellular, parvocellular, and koniocellu-
ganglion cells in albino and hooded rats. Brain Behav. Evol. 26, lar relay cells in primate lateral geniculate nucleus. Vis. Neurosci.
10–48. 10, 363–373.
Eris¸ir, A., Van Horn, S.C., Bickford, M.E., and Sherman, S.M. (1997).
Jahnsen, H., and Llina´s, R. (1984). Electrophysiological properties
Immunocytochemistry and distribution of parabrachial terminals in
of guinea-pig thalamic neurones: an in vitro study. J. Physiol. (Lond.)
the lateral geniculate nucleus of the cat: A comparison with cortico-
349, 205–226.
geniculate terminals. J. Comp. Neurol. 377, 535–549.
Jones, E.G. (1985). The Thalamus (New York: Plenum Press).
Feig, S., and Harting, J.K. (1998). Corticocortical communication via
Kaas, J.H. (1995). Human visual cortex—progress and puzzles. Curr.the thalamus: Ultrastructural studies of corticothalamic projections
Biol. 5, 1126–1128.from area 17 to the lateral posterior nucleus of the cat and inferior
pulvinar nucleus of the owl monkey. J. Comp. Neurol. 395, 281–295. Kakei, S., Na, J., and Shinoda, Y. (2001). Thalamic terminal morphol-
ogy and distribution of single corticothalamic axons originating fromFelisberti, F., and Derrington, A.M. (1999). Long-range interactions
layers 5 and 6 of the cat motor cortex. J. Comp. Neurol. 437, 170–185.modulate the contrast gain in the lateral geniculate nucleus of cats.
Vis. Neurosci. 16, 943–956. Kalil, R.E., and Chase, R. (1970). Corticofugal influence on activity
of lateral geniculate neurons in the cat. J. Neurophysiol. 33, 459–474.Felleman, D.J., and Van Essen, D.C. (1991). Distributed hierarchical
processing in the primate cerebral cortex. Cereb. Cortex 1, 1–47. Kandel, E.R., Schwartz, J.H., and Jessell, T.M. (2000). Principles of
Neural Science (New York: McGraw Hill).Geisert, E.E., Langsetmo, A., and Spear, P.D. (1981). Influence of
the cortico-geniculate pathway on reponse properties of cat lateral Ko¨lliker, A. (1896). Handbuch der Gerwebelehre des Menschen.
geniculate neurons. Brain Res. 208, 409–415. Nervensystemen des Menschen und der Thiere, Volume 2, 6th edition
(Leipzig: Engelmann).Gilbert, C.D. (1977). Laminar differences in receptive field properties
of cells in cat primary visual cortex. J. Physiol. (Lond.) 268, 391–421. Kultas-Ilinsky, K., and Ilinsky, I. (1991). Fine structure of the ventral
lateral nucleus (VL) of the Macaca mulatta thalamus: cell types andGilbert, C.D., and Wiesel, T.N. (1985). Intrinsic connectivity and re-
synaptology. J. Comp. Neurol. 314, 319–349.ceptive field properties in visual cortex. Vision Res. 25, 365–374.
Godwin, D.W., Van Horn, S.C., Eris¸ir, A., Sesma, M., Romano, C., Latawiec, D., Martin, K.A.C., and Meskenaite, V. (2000). Termination
of the geniculocortical projection in the striate cortex of macaqueand Sherman, S.M. (1996a). Ultrastructural localization suggests
Neuron
174
monkey: A quantitative immunoelectron microscopic study. J. morphology of corticothalamic projections in mammals. Brain Res.
Bull. 53, 727–741.Comp. Neurol. 419, 306–319.
Lu, S.-M., Guido, W., and Sherman, S.M. (1993). The brainstem Rouiller, E.M., Tanne´, J., Moret, V., Kermadi, I., Boussaoud, D., and
parabrachial region controls mode of response to visual stimulation Welker, E. (1998). Dual morphology and topography of the cortico-
of neurons in the cat’s lateral geniculate nucleus. Vis. Neurosci. 10, thalamic terminals originating from the primary, supplementary mo-
631–642. tor, and dorsal premotor cortical areas in macaque monkeys. J.
Comp. Neurol. 396, 169–185.Ma¨a¨tta¨nen, L.M., and Koenderink, J.J. (1991). Contrast adaptation
and contrast gain control. Exp. Brain Res. 87, 205–212. Schwartz, M.L., Dekker, J.J., and Goldman-Rakic, P.S. (1991). Dual
mode of corticothalamic synaptic termination in the mediodorsalMathers, L.H. (1971). Tectal projection to posterior thalamus of the
nucleus of the rhesus monkey. J. Comp. Neurol. 309, 289–304.squirrel monkey. Brain Res. 35, 357–380.
Sherman, S.M. (1985). Functional organization of the W-, X-, andMathers, L.H. (1972). The synaptic organization of the cortical pro-
Y-cell pathways in the cat: a review and hypothesis. In Progress injection to the pulvinar of the squirrel monkey. J. Comp. Neurol. 146,
Psychobiology and Physiological Psychology, Vol. 11, J.M. Sprague43–60.
and A.N. Epstein, eds. (Orlando, FL: Academic Press), pp. 233–314.McClurkin, J.W., and Marrocco, R.T. (1984). Visual cortical input
Sherman, S.M. (1996). Dual response modes in lateral geniculatealters spatial tuning in monkey lateral geniculate nucleus cells. J.
neurons: mechanisms and functions. Vis. Neurosci. 13, 205–213.Physiol. (Lond.) 348, 135–152.
Sherman, S.M. (2001). Tonic and burst firing: dual modes of thalamo-McClurkin, J.W., Optican, L.M., and Richmond, B.J. (1994). Cortical
cortical relay. Trends Neurosci. 24, 122–126.feedback increases visual information transmitted by monkey par-
vocellular lateral geniculate nucleus neurons. Vis. Neurosci. 11, Sherman, S.M., and Guillery, R.W. (1996). The functional organiza-
601–617. tion of thalamocortical relays. J. Neurophysiol. 76, 1367–1395.
McCormick, D.A., and Huguenard, J.R. (1992). A model of the elec- Sherman, S.M., and Guillery, R.W. (1998). On the actions that one
trophysiological properties of thalamocortical relay neurons. J. Neu- nerve cell can have on another: Distinguishing “drivers” from “modu-
rophysiol. 68, 1384–1400. lators.” Proc. Natl. Acad. Sci. USA 95, 7121–7126.
McCormick, D.A., and Von Krosigk, M. (1992). Corticothalamic acti- Sherman, S.M., and Guillery, R.W. (2001). Exploring the Thalamus
vation modulates thalamic firing through glutamate “metabotropic” (San Diego, CA: Academic Press).
receptors. Proc. Natl. Acad. Sci. USA 89, 2774–2778. Shinoda, Y., Futami, T., Mitoma, H., and Yokota, J. (1988). Morphol-
McCrea, R.A., Bishop, G.A., and Kitai, S.T. Morphological and elec- ogy of single neurons in the cerebello-rubrospinal system. Behav.
trophysiological characteristics of projection neurons in the nucleus Brain Res. 28, 59–64.
interpositus of the cat cerebellum. J. Comp. Neurol. 181, 397–419. Shore, S.E., and Moore, J.K. (1998). Sources of input to the cochlear
Mott, D.D., and Lewis, D.V. (1994). The pharmacology and function granule cell region in the guinea pig. Hear. Res. 116, 33–42.
of central GABAB receptors. Int. Rev. Neurobiol. 36, 97–223. Somogyi, G., Hajdu, F., and Tombol, T. (1978). Ultrastructure of the
Murphy, P.C., Duckett, S.G., and Sillito, A.M. (1999). Feedback con- anterior ventral and anterior medial nuclei of the cat thalamus. Exp.
nections to the lateral geniculate nucleus and cortical response Brain Res. 31, 417–431.
properties. Science 286, 1552–1554. Steriade, M., and Llina´s, R. (1988). The functional states of the thala-
Nicoll, R.A., Malenka, R.C., and Kauer, J.A. (1990). Functional com- mus and the associated neuronal interplay. Physiol. Rev. 68,
parison of neurotransmitter receptor subtypes in mammalian central 649–742.
nervous system. Physiol. Rev. 70, 513–565. Steriade, M., Jones, E.G., and Llina´s, R. (1990). Thalamic Oscillations
Ogren, M.P., and Hendrickson, A.E. (1979). The morphology and and Signalling (New York: Wiley).
distribution of striate cortex terminals in the inferior and lateral sub- Steriade, M., McCormick, D.A., and Sejnowski, T.J. (1993). Thalamo-
divisions of the Macaca monkey pulvinar. J. Comp. Neurol. 188, cortical oscillations in the sleeping and aroused brain. Science 262,
179–199. 679–685.
Ohzawa, I., Sclar, G., and Freeman, R.D. (1982). Contrast gain control Sur, M., Esguerra, M., Garraghty, P.E., Kritzer, M.F., and Sherman,
in the cat visual cortex. Nature 298, 266–268. S.M. (1987). Morphology of physiologically identified retinogenicu-
Ojima, H. (1994). Terminal morphology and distribution of corticotha- late X- and Y-axons in the cat. J. Neurophysiol. 58, 1–32.
lamic fibers originating from layers 5 and 6 of cat primary auditory Tamamaki, N., Uhlrich, D.J., and Sherman, S.M. (1994). Morphology
cortex. Cereb. Cortex 4, 646–663. of physiologically identified retinal X and Y axons in the cat’s thala-
Partlow, G.D., Colonnier, M., and Szabo, J. (1977). Thalamic projec- mus and midbrain as revealed by intra-axonal injection of biocytin.
tions of the superior colliculus in the rhesus monkey, Macaca mu- J. Comp. Neurol. 354, 583–607.
latta. A light and electron microscopic study. J. Comp. Neurol. 171, Tassinari, G., Bentivolglio, M., Chen, S., and Campara, D. (1997).
285–318. Overlapping ipsilateral and contralateral projections to the lateral
Pin, J.P., and Bockaert, J. (1995). Get receptive to metabotropic geniculate nucleus and superior colliculus in the cat: a retrograde
glutamate receptors. Curr. Opin. Neurobiol. 5, 342–349. triple labeling study. Brain Res. Bull. 43, 127–139.
Pin, J.P., and Duvoisin, R. (1995). The metabotropic glutamate re- Truchard, A.M., Ohzawa, I., and Freeman, R.D. (2000). Contrast gain
ceptors: structure and functions. Neuropharmacol. 34, 1–26. control in the visual cortex: Monocular versus binocular mecha-
nisms. J. Neurosci. 20, 3017–3032.Przybyszewski, A.W., Gaska, J.P., Foote, W., and Pollen, D.A. (2000).
Striate cortex increases contrast gain of macaque LGN neurons. Updyke, B.V. (1981). Projections from visual areas of the middle
Vis. Neurosci. 17, 485–494. suprasylvian sulcus onto the lateral posterior complex and adjacent
thalamic nuclei in cat. J. Comp. Neurol. 201, 477–506.Recasens, M., and Vignes, M. (1995). Excitatory amino acid metabo-
tropic receptor subtypes and calcium regulation. Ann. NY Acad. Sci. Updyke, B.V. (1983). A reevaluation of the functional organization
757, 418–429. and cytoarchitecture of the feline lateral posterior complex, with
observations on adjoining cell groups. J. Comp. Neurol. 219,Robson, J.A., and Hall, W.C. (1977). The organization of the pulvinar
143–181.in the grey squirrel (Sciurus carolinensis) I. Cytoarchitecture and
connections. J. Comp. Neurol. 173, 355–388. Van Essen, D.C., Anderson, C.H., and Felleman, D.J. (1992). Informa-
tion processing in the primate visual system: an integrated systemsRouiller, E.M., and Welker, E. (1991). Morphology of corticothalamic
perspective. Science 255, 419–423.terminals arising from the auditory cortex of the rat: a Phaseolus
vulgaris-leucoagglutinin (PHA-L) tracing study. Hear. Res. 56, Van Horn, S.C., Eris¸ir, A., and Sherman, S.M. (2000). The relative
179–190. distribution of synapses in the A-laminae of the lateral geniculate
nucleus of the cat. J. Comp. Neurol. 416, 509–520.Rouiller, E.M., and Welker, E. (2000). A comparative analysis of the
Review
175
Vetter, D.E., Saldana, E., and Mugnaini, E. (1993). Input from the
inferior colliculus to medial olivocochlear neurons in the rat: a double
label study with PHA-L and cholera toxin. Hear. Res. 70, 173–186.
Vidnya´nszky, Z., and Ha´mori, J. (1994). Quantitative electron micro-
scopic analysis of synaptic input from cortical areas 17 and 18 to
the dorsal lateral geniculate nucleus in cats. J. Comp. Neurol. 349,
259–268.
Vidnya´nszky, Z., Borostya´nkoi, Z., Go¨rcs, T.J., and Ha´mori, J. (1996).
Light and electron microscopic analysis of synaptic input from corti-
cal area 17 to the lateral posterior nucleus in cats. Exp. Brain Res.
109, 63–70.
Wang, S., Bickford, M.E., Van Horn, S.C., Eris¸ir, A., Godwin, D.W.,
and Sherman, S.M. (2001). Synaptic targets of thalamic reticular
nucleus terminals in the visual thalamus of the cat. J. Comp. Neurol.
440, 321–341.
Wilson, J.R., Friedlander, M.J., and Sherman, S.M. (1984). Fine struc-
tural morphology of identified X- and Y-cells in the cat’s lateral
geniculate nucleus. Proc. R. Soc. Lond. B Biol. Sci. 221, 411–436.
Xu, X.M., Ichida, J.M., Allison, J.D., Boyd, J.D., Bonds, A.B., and
Casagrande, V.A. (2001). A comparison of koniocellular, magnocel-
lular and parvocellular receptive field properties in the lateral genicu-
late nucleus of the owl monkey (Aotus trivirgatus). J. Physiol. 531,
203–218.
